In Brief
The mouse-rat allodiploid ESCs generated by fusion of haploid ESCs exhibit intriguing gene expression patterns and mouse-specific X chromosome inactivation after differentiation, thereby providing a valuable tool for X chromosome inactivation and gene function studies.
SUMMARY
Mammalian interspecific hybrids provide unique advantages for mechanistic studies of speciation, gene expression regulation, and X chromosome inactivation (XCI) but are constrained by their limited natural resources. Previous artificially generated mammalian interspecific hybrid cells are usually tetraploids with unstable genomes and limited developmental abilities. Here, we report the generation of mouserat allodiploid embryonic stem cells (AdESCs) by fusing haploid ESCs of the two species. The AdESCs have a stable allodiploid genome and are capable of differentiating into all three germ layers and earlystage germ cells. Both the mouse and rat alleles have comparable contributions to the expression of most genes. We have proven AdESCs as a powerful tool to study the mechanisms regulating X chromosome inactivation and to identify X inactivationescaping genes, as well as to efficiently identify genes regulating phenotypic differences between species. A similar method could be used to create hybrid AdESCs of other distantly related species.
INTRODUCTION
Interspecific hybrid organisms contain genetic information of different species and have the potential to develop traits superior to either parent, a phenomenon called hybrid vigor (SwansonWagner et al., 2006) , and thus have been applied extensively in agriculture, especially for crops. Interspecific hybrids are also great models for studying basic biological questions related to speciation and gene expression regulation due to the following reasons. First, the heterozygous genetic background and the unique traits of hybrids allow researchers to identify genes related to traits with cross-species differences more easily, which could facilitate the identification of speciation-related genes and mechanisms (Mihola et al., 2009; Tang and Presgraves, 2009 ). Second, interspecies hybrids provide a unique system for studying mechanisms underlying X chromosome inactivation (XCI) in mammals Willard, 1999, 2005) , as it is much easier to trace the activity of the X chromosome from each parent in female hybrid cells or organisms than in the homozygous species. Third, hybrid cells have allelic difference in many genomic loci, and thus can serve as a unique and convenient system to identify species-specific gene regulatory elements and to investigate the differences of gene regulatory networks between species Cheng et al., 2014; Stergachis et al., 2014; Wilson et al., 2008) .
Due to reproductive isolation, mammalian natural interspecific hybrids mainly have been found between closely related species, such as mule and hinny from reciprocal cross of the horse and donkey, and the interspecific hybrids of mouse and deer. Efforts have been taken to create mammalian interspecific hybrids using cell fusion between distantly related species, and they have created mouse-rat (Weiss and Ephrussi, 1966) , human-rodent (Carritt et al., 1977; Green, 1967), human-bovine (van Olphen and Mittal, 2002) , and human-porcine (Ogle et al., 2004) hybrid cells. Yet the previously reported mammalian artificial interspecific hybrid cells were all tetraploid created by fusion of diploid cells (Nowak-Imialek et al., 2010; Weiss and Green, 1967) , as zygotes formed by gametes of two mammalian species usually cannot develop normally to derive proliferable allodiploid cells (Thadani, 1980) . Recently, we and others have generated pluripotent haploid embryonic stem cells (ESCs) from mouse (Elling et al., 2011; Leeb and Wutz, 2011; Li et al., 2012; Yang et al., 2012) , rat , and monkey (Yang et al., 2013) . These haploid ESCs maintain haploidy and possess the ability to differentiate into all three germ layers, including germ cells in vitro and in vivo. Moreover, we have demonstrated that haploid ESCs could replace gametes and may serve as a resource to generate mammalian diploid hybrid cells with stable genome and ESClike developmental ability (Li et al., 2012 Wan et al., 2013) .
Here we report the successful generation of mouse-rat interspecific allodiploid ESCs (AdESCs) using the mouse and rat haploid ESCs. The AdESCs had the ability to differentiate into all three germ layers as well as early-stage germ cells while maintaining a stable allodiploid genome, and they can serve as a powerful tool for the identification of X inactivation-escaping genes and genes with different functions or regulatory mechanisms between species.
RESULTS

Generation of Stable Mouse-Rat Interspecific AdESCs
We first derived mouse androgenetic and parthenogenetic haploid ESCs (MahESCs and MphESCs, C57BL/6 genetic background) carrying a constitutively expressed green fluorescent protein (GFP) gene, and rat androgenetic and parthenogenetic haploid ESCs (RahESCs and RphESCs, DA genetic background) carrying a constitutively expressed red fluorescent protein (RFP) gene, according to our previous reports (Li et al., 2012 Wan et al., 2013) . The mouse haploid ESCs and rat haploid ESCs at G0 or G1 phase were purified using the fluorescenceactivated cell sorting (FACS) technique, and they were used to create interspecific AdESCs by fusing RahESCs with MphESCs (RM-AdESCs) and fusing MahESCs with RphESCs (MR-AdESCs), respectively (Figures 1A and S1A) . Nine cell lines, including five RM-AdESC lines and four MR-AdESC lines, were used in our studies (Tables S1 and S2) .
Both the RM-AdESCs and MR-AdESCs showed typical domeshaped colony morphology and expressed the GFP and RFP markers ( Figure 1B) , with the presence of parental species-specific DNA sequences ( Figure 1C ). Each AdESC contained 20 mouse chromosomes and 21 rat chromosomes, representing an allodiploid genome composition ( Figures 1D and 1E ). AdESCs at both early (passage 5) and late passages (passages 19-25) maintained stable allodiploid genomes ( Figure 1F ). No consistent structural variations were detected in the genomes of the interspecific AdESCs (RM1-1 and MR1-1) within the detection range of the mouse and rat comparative genomic hybridization (CGH) arrays, suggesting the genome integrity of the AdESCs ( Figures  1G and S1B ). Comparable and constant amounts of both mouse and rat mitochondrial genomes were detected in the early and late passages as well as in in-vitro-differentiated cells of six AdESC lines ( Figure S1C ; Wanet et al., 2015) , indicating the stable persistence of both mouse and rat mitochondrial genomes in the hybrid AdESCs.
The AdESCs exhibited positive signals of alkaline phosphatase staining ( Figure S1D ), and they expressed pluripotent marker genes such as Oct4, Nanog, Sox2, and SSEA-1 (Figures S1E and S1F). Notably, both the mouse and rat transcripts of pluripotent marker genes could be detected with species-specific primers, confirming the presence and expression of both mouse and rat genomes in the AdESCs (Figures S1G and S1H).
AdESCs Are Capable of Differentiating into All Three Germ Layers Both In Vitro and In Vivo We used various methods to examine the pluripotency levels of the AdESCs. In vitro experiments showed that the AdESCs could form embryoid bodies (EBs) ( Figure S2A ) and further differentiate into multiple somatic cell types, including neural cells with typical neural rosette structures and beating cardiomyocyte-like cells ( Figure S2B ). Marker genes representing all three germ layers were detected among these differentiated cells (Figures S2C and S2D) . After subcutaneous injection into severe combined immunodeficiency (SCID) mice, the AdESCs could form teratomas containing cells of all three germ layers ( Figure 2A ).
Next we injected the AdESCs into mouse (CD-1 strain with white coat color) or rat (F344 strain with white coat color) blastocysts to test their ability to form chimeras. Expression of GFP and RFP was observed in the dissected chimeric embryos at both embryonic day (E)13.5 and E19.5 (full-term stage) ( Figure 2B ), suggesting the contribution of AdESCs into chimeric embryos. The coat-color chimerism and the presence of GFP/RFP expression in dissected organs (heart, lung, and kidney) of adult chimeras (Figures 2C and S2E ; Table S1) demonstrated that the AdESCs had broad in vivo differentiation potential and could produce adult mouse and rat chimeras.
To examine the genome stability of differentiated cells from the AdESCs, we isolated AdESC-derived GFP-positive cells from the adult chimeric organs and analyzed their DNA content by FACS. The DNA content curves of the GFP-positive cells almost overlapped with those of the GFP-negative ones ( Figure 2D ), indicating the maintenance of the allodiploid genome in these cells without massive chromosome loss or gain. To further assess the genome integrity of the differentiated cells, we performed single-cell whole-genome sequencing of three GFP/ RFP double-positive AdESC-derived somatic cells isolated from the testis tissue of male chimeric mouse. Sequencing analysis revealed that all the mouse and rat chromosomes were uniformly presented in these somatic cells, and no consistent structural variations were detected, indicating the maintenance of genome integrity in the AdESC-derived cells (Figures 2E and S2F) . Notably, using the patch-clamp technique, normal action potentials were recorded from the AdESC-derived neurons, implying that they were functional ( Figures S2G and S2H) . Collectively, these results demonstrated that the interspecific AdESCs had the ability to differentiate into all three germ layers both in vitro and in vivo and could maintain genome integrity during differentiation.
Germline Differentiation Potential of the AdESCs As the genome of each AdESC was composed of the 20 mouse chromosomes plus the 21 rat chromosomes, whether AdESCs with such an odd number of chromosomes were capable of producing normal germ cells is an intriguing question for developmental biology. To determine the germline differentiation potential of AdESCs, we traced the GFP/RFP double-positive cells in the gonads of chimeric mice at different developmental stages, including E13.5, E15.5, E18.5, post-natal day (P)1, and P7. As the haploid ESCs that were used to produce AdESCs both lacked the Y chromosome, the AdESCs should not have been able to contribute to male sex organs. Thus, we mainly analyzed the cell composition of chimeric ovaries. An abundant presence of GFP/RFP-positive cells was detected in ovaries dissected from E13.5, E15.5, and E18.5 chimeric embryos and P7 pups (Figures 2F and S2I) , indicating that the AdESCs could contribute massively into ovaries. Notably, a proportion of these GFP-positive (GFP + ) cells also expressed the germ cell-specific marker gene VASA (GFP + VASA + /VASA + : 3.3% at E13.5, 1.5% at E15.5, and 1.7% at E18.5) ( Figures 2G and 2H ). In addition, the expression of SCP3, a marker gene expressed in germ cells for synaptonemal complex formation, also was detected in GFP + cells at E15.5 and E18.5.
The co-expression of GFP and SCP3 in the AdESC-derived germ cells indicated their ability to differentiate into synapsisstage germ cells ( Figures 2G and S2J) . However, the GFP and VASA double-positive cells decreased dramatically in ovaries of P1 pups and were not detected in the ovaries of P7 pups (GFP + VASA + /VASA + : 0.2% at P1 and 0% at P7) (Figures 2G and 2H) . We used five female chimeric mice and five female chimeric rats to mate with wild-type males for more than 1 year, but we failed to detect any GFP expression in more than 300 live-born offspring. Taken together, these observations (E) Single-cell whole-genome DNA resequencing by MALBAC shows genome integrity of allodiploid hybrid somatic cells isolated from the testis of RM1-1-mouse chimeras.
(F) Detection of GFP and RFP expressions in ovaries of E13.5 chimeric mouse pups and P7 chimeric mice, indicating the contribution of AdESCs into ovaries, is shown. Scale bar, 5 mm.
(G) Immunostaining detection of co-expression of VASA, SCP3, and GFP in ovaries dissected from E13.5 and E18.5 chimeric embryos and P7 chimeric mice.
Immunostaining of VASA (purple) and GFP (green) was performed in all three embryonic stages; SCP3 (red) was detected in ovaries at E18.5. Nuclei (blue) are stained with Hochest 33342. Scale bar, 100 mm.
(H) Statistical analysis of the contribution of AdESCs to germ cells at developmental stages E13.5, E15.5, E18.5, P1, and P7. Data are represented as mean ± SEM. See also Figure S2 and Table S1 .
indicated that the AdESCs could differentiate into early-stage germ cells in both mouse ovaries, yet could not survive through meiosis to form mature oocytes.
Mid-parent and Species-Biased Gene Expression Patterns in AdESCs
The gene expression patterns of AdESCs were determined by the paired-end RNA sequencing (RNA-seq) method. To investigate the parental influence on gene expression, AdESCs of reciprocal hybridization (two RM-AdESC lines and two MRAdESC lines) as well as two mouse ESC (mESC) lines and two rat ESC (rESC) lines were included in the sequencing. To discriminate transcripts with high-sequence homology between mouse and rat, we used a stringent mapping strategy to allow only one nucleotide mismatch per sequencing read. Approximately 94% of total reads had genomic matches using the above criterion. Among them, about 42% were only mapped to the mouse genome, 40% were only mapped to the rat genome, and the rest could be mapped to both genomes ( Figure S3A ). These uniquely mapped reads represented a total of 13,926 genes with one-to-one ortholog between the mouse and rat.
To avoid the influence of reads with ambiguous genomic origins, we used an adjusted fragments per kilobase of exon model per million mappable fragments (aFPKM) value, which excludes the regions covered by reads mapped to both genomes, to quantify the gene transcription levels ( Figure S3E ), whereas that between AdESCs and either mESCs or rESCs was higher than 0.91 ( Figures 3B and S3F) ; moreover, the correlation was even higher between the gene expression profiles of AdESCs and the mean gene expression profiles of mESCs and rESCs (Figures 3C and S3G) , suggesting that the majority of genes in AdESCs had an additive expression (mid-parent).
We further examined the expression of 2,730 genes (19.60% of total genes) with differential expression (differentially expressed genes, DEGs) between mouse and rat ESCs. In the AdESCs, the majority of the DEGs had an expression value between those of rESCs and mESCs ( Figure 3D ). Of these, about 70% of genes (1,741 genes in RM-AdESCs and 2,071 genes in MR-AdESCs) exhibited additive expression in AdESCs, and the rest (989 genes in RM-AdESCs and 659 genes in MRAdESCs) exhibited non-additive expression (non-additive genes, NAGs) ( Figure S3H ). No chromosome preference or clustered genomic localization pattern was observed among these NAGs. The expression level of NAGs in hybrids was either similar to that in the parent with higher gene expression (high-parent expression) or similar to that in the parent with lower gene expression (low-parent expression). Unexpectedly, the majority of these NAGs had either high-parent (306 genes) or low-parent (228 genes) expression to mouse; only 13 genes had high-parent expression and one gene had low-parent expression to rat (Figures 3E and S3H ).
Gene ontology (GO) term enrichment analysis of the NAGs revealed that genes with low-parent expression to mouse were mainly enriched in development-associated functions, such as mesoderm development and gastrulation; whereas genes with high-parent expression to mouse were enriched in the extracellular matrix organization and metabolic processes ( Figure 3F , p < 0.01). As expected, 94% of the genes with a mid-parent expression pattern were due to the equal allelic expression contribution, whereas 40% of NAGs were caused by allelicbiased expression of DEGs between mESCs and rESCs.
Mouse X Chromosome-Specific Inactivation in AdESCDerived Somatic Cells The hybrid nature of AdESCs confers it advantages to study the regulatory mechanisms of XCI, as the origin of the silenced X chromosome is traced easily in the interspecific hybrid cells, but not in the within-species diploid ones. To investigate whether the mouse and rat X chromosomes were randomly inactivated in AdESC-derived allodiploid somatic cells, we isolated AdESCderived embryonic fibroblasts (EFs) from the AdESC-mouse chimeras and examined their gene expression profile using the bulk RNA-seq technology. Unexpectedly, nearly all X-linked transcripts of the sequenced cells were mapped to the rat X chromosome; however, transcripts derived from the Xist gene, which was expressed from the inactivated X chromosome (Xi) to induce silencing, was mapped exclusively to the mouse X chromosome ( Figure 4A ). These results indicated that the mouse X chromosome was inactivated in the AdESC-derived allodiploid cells.
To eliminate any additive effect of the bulk-cell RNA-seq method, we further analyzed the expression of X-linked transcripts using the single-cell RNA-seq data of 24 AdESCs and 63 allodiploid somatic cells randomly dissected from AdESCderived EB cells and various tissues of chimeric animals, including five cells from RM-AdESC-differentiated EBs, 12 cells from MR-AdESC-differentiated EBs, eight neuronal cells and four testicular somatic cells dissected from two RM-AdESC mouse chimeras, four lung epithelium cells and 20 testicular somatic cells dissected from two RM-AdESC rat chimeras, and ten fibroblast cells from one MR-AdESC mouse chimera. The results revealed that both the mouse and rat X chromosomes were activated in the AdESCs; however, only the mouse X chromosome was inactivated in all sequenced allodiploid somatic cells (Figure 4B) . We also produced GFP-labeled RM-AdESCs (RMXG) using haploid mouse ESCs carrying an X-linked GFP reporter. After differentiation, the GFP expression of all RMXG cells dissected from mouse E7.5 chimeric embryos was silenced, confirming the mouse X chromosome-specific inactivation (Figure S4A) . The exclusive expressions of X-linked genes from the rat X chromosome and Xist from the mouse X chromosome in in-vitro-differentiated cells were further validated by qPCR analysis ( Figures 4C and S4B ) and RNA fluorescence in situ hybridization (RNA-FISH) assay ( Figure 4D ). The same results were observed in cells isolated from both mouse and rat chimeric animals ( Figures 4E and S4C) . Collectively, these results demonstrated that the mouse X chromosome was specifically inactivated in AdESC-derived somatic cells, and such phenomenon was observed irrespective of the parental origins of the genomes.
To investigate whether the mouse-exclusive expression of the Xist gene is the cause for mouse-specific XCI, we traced the expression of XCI-related genes at different time points along the differentiation process of AdESCs both in vivo and in vitro. For the in vivo assays, we isolated RM-AdESC-derived cells from mouse E5.5, E8.5, and E11.5 chimeric embryos, and we examined the expression of X inactivation-initiation gene Xist (Penny et al., 1996) , Xist-regulatory gene Tsix (Navarro et al., 2006) , a known X inactivation-escaping (Xi-escaping) gene Kdm5c, and non-Xi-escaping gene Klhl13 in ten cells at each time point by single-cell qPCR. Previous studies have shown that XCI is initiated around E5.5 in mouse embryos (Gardner and Lyon, 1971; Kalantry and Magnuson, 2006; McMahon et al., 1983; Rastan, 1982) ; in cells isolated from E5.5 chimeric embryos, only the expression of mouse Xist was detected, although the Tsix was expressed from both the mouse and rat alleles ( Figure 4F ). At later embryonic stages, the mouse Xist was upregulated and Tsix from both the mouse and rat alleles was silenced, but the expression of rat Xist was not detected in any single cell ( Figure 4F) . Consistently, the non-Xi-escaping gene (E) Expression heatmap shows genes with non-additive expression patterns in reciprocally hybridized AdESC lines. High-parent to mouse: genes had higher expression in mESCs (which is similar to that in AdESCs) than in rESCs; low-parent to mouse: genes had lower expression in mESCs (which is similar to that in AdESCs) than in rESCs; and high-parent to rat: genes had higher expression in rESCs (which is similar to that in AdESCs) than in mESCs.
(F) Functional analysis of genes with high-parent or low-parent expression to mouse in AdESCs by GO annotation is shown. See also Figure S3 .
Klhl13 was expressed from both alleles at E5.5, but only expressed from the rat allele at later stages ( Figure S4D ). For in vitro assays, the EB cells of four RM-AdESC lines, four MRAdESC lines, mESCs, and rESCs were harvested at 26 time points from day 0 to day 18 after differentiation. The expressions of Xist, Tsix, Xi-escaping genes (Jpx and Kdm5c), non-Xiescaping genes (Klhl13, Phf6, and Hdac6), and pluripotent genes (Tcl1, Esrrb, and Nanog) were analyzed by qPCR using these cells. As expected, the expression of pluripotent genes was rapidly decreased during differentiation. The mouse Xist expression was gradually upregulated along with AdESC differentiation, but the rat Xist expression was not activated at any time points. Coincident with the gradual upregulation of mouse Xist expression, the expression of non-escaping genes from the mouse allele was gradually silenced along differentiation, while the Xiescaping genes were expressed from both alleles at all time points ( Figures S4E, S4F , S5, and S6). These results demonstrated that the mouse-specific X inactivation was induced readily during both the in vivo and in vitro differentiation processes of AdESCs. In the meantime, silencing of the rat allele was not initiated, suggesting that the mouse-specific X inactivation may be a primary choice during AdESC differentiation. Notably, the expression of the Tsix from the rat allele was much higher than that from the mouse allele in AdESCs, and such rat allele-biased expression persisted along early in vitro differentiation ( Figures 4G, S4E , S4F, S5, and S6). As it has been proven that Tsix inhibits the expression of Xist by cis regulation to maintain the active state of X chromosomes (Navarro et al., 2006) , we hypothesized that the rat allele-dominant expression of the Tsix might result in mouse allele-biased expression of the Xist, therefore causing the primary mouse X chromosome-specific inactivation in mouse-rat allodiploid somatic cells.
AdESCs Serve as a Powerful Tool for Identification of X Inactivation-Escaping Genes
In mammalian female differentiated cells, a subset of genes located on the Xi could still express. It has been shown that the Xi-escaping genes are involved in controlling sexually dimorphic traits, phenotypic variability among females, and the onset of some diseases (Carrel and Willard, 2005) . Until now, only 31 mouse Xi-escaping genes have been characterized (Peeters et al., 2014) . The AdESC-derived allodiploid somatic cells could be powerful resources to identify new Xi-escaping genes. To do this, we systematically analyzed the bulk RNA-seq data of RMAdESC-derived fibroblast cells isolated from one mouse chimera and single-cell RNA-seq data of five cells from RM-AdESCdifferentiated EBs, 12 cells from MR-AdESC-differentiated EBs, eight neuronal cells and four testicular somatic cells dissected from two RM-AdESC-derived mouse chimeras, four lung epithelium cells and 20 testicular somatic cells dissected from two RM-AdESC-derived rat chimeras, and ten fibroblast cells from one MR-AdESC-derived mouse chimera (Table S2) .
The number of Xi-escaping genes varied among different cell types ( Figure 4B ). In total, 163 candidate Xi-escaping genes were identified, among which 67 genes were detected in more than two batches of cell samples by two independent sequencing experiments (Tables 1 and S3 ). Of these 67 candidate mouse Xi-escaping genes, only 11 were reported previously as Xi-escaping genes and the rest (56 genes) were identified in this study (Berletch et al., 2010; Yang et al., 2010;  Table 1 ). In addition, there were 96 candidate Xi-escaping genes being detected in only one sequencing experiment, among which six genes were reported previously as Xi-escaping genes. We used qPCR to validate the expression of 36 randomly selected identified Xi-escaping genes (24 from the 56 genes and 12 from the 90 genes) in AdESC-derived somatic cells of eight different tissues dissected from chimeric mice by FACS; all of these genes were confirmed to escape from the inactivated mouse X chromosome according to the previously established criteria (with at least 10% expression level of that from the activated X chromosome in AdESCs) ( Figure 5A ; Table 1 ). Taken together, we identified 146 unreported mouse genes with Xiescaping potential in AdESC-derived somatic cells, among which 29 genes' human orthologs were reported to have escaped expression from human Xi (Peeters et al., 2014) , implying partial conservation of the Xi escape between mouse and human and the superiority of AdESCs in Xi-escaping gene identification.
To verify the Xi-escaping phenomenon of these genes in normal mouse tissues, we selected multiple mouse strains (C57, 129S, DBA, FVB, BALB/c, and C3H) with distal genetic backgrounds, and we identified SNPs among these strains in five Xi-escaping candidate genes, including Armcx1, Atrx, Gprasp2, Huwe1, and Tro ( Figures 5B and 5C ). Cells from various tissues of the mouse neonatal pups (C57 3 129S, C57 3 DBA, C57 3 FVB, C57 3 C3H, C57 3 BALB/c, and DBA 3 BALB/c) were dissected, and the allelic expressions of these five genes in single cells were quantified by the pyrosequencing of cDNA method, which is capable of distinguishing sequences with SNPs. All of the five genes had escaped expression from the Xi in most tissues of the F1 pups (with at least 10% expression level of that from the activated X chromosome) (Figure 5D ; Table S4 ). Hence, the mouse Xi-escaping genes identified in allodiploid cells may have high potential to escape from X inactivation in the mouse somatic cells.
Application of AdESCs to Screen for Genes Regulating the Species-Specific Pluripotency Maintenance
The AdESCs have allelic differences in either gene-coding or regulatory sequences and display traits of both parents; thus, they could serve as a convenient system to identify genes and regulatory elements related to phenotypic differences between species. As a proof-of-concept study, we applied AdESCs to identify genes related to the differential pluripotency maintenance features of mouse and rat ESCs. It has been shown that, under the N2B27 plus 2i culture condition, the rESCs tend to undergo spontaneous differentiation, whereas the mESCs do not (Chen et al., 2013; Li et al., 2008) . We observed that, similar to mESCs, the AdESCs could be stably maintained in N2B27 plus 2i culture condition, whereas the rESCs exhibited the spontaneous differentiation phenotype (Figures 6A and  S7A) . At the molecular level, several differentiation-associated genes, including Cdx2, Axin2, T, and Gata6 were detected to be expressed in rESCs, but only with little or no expression in AdESCs and mESCs ( Figures 6B and S7B) . These results #2  #3  #4  #5  #6  #7  #8  #9  #10  #1  #2  #3  #4  #5  #6  #7  #8  #9  #10  #1  #2  #3  #4  #5  #6  #7  #8  #9  #10 E5.5 E8.5 E11.5
Expression level #1  #2  #3  #4  #5  #6  #7  #8  #9  #10  #1  #2  #3  #4  #5  #6  #7  #8  #9  #10  #1  #2  #3  #4  #5  #6  #7  #8  #9 (C) qPCR analysis of seven known non-Xi-escaping genes (Hdac6, Fhl1, Phf6, Klhl13, Pdzd11, Timp1, and Zfp449) in EFs isolated from RM1-1 and MR1-1 AdESC-derived mouse chimera embryos. Rat allele-specific expression was detected. Data are represented as mean ± SEM. (D) Strand-specific RNA-FISH detection of mouse Xist RNA (pink) and rat Xist RNA (cyan) in in-vitro-differentiated cells derived from RM1-1 and MR1-1 AdESCs after 20-days random differentiation. Nuclei (blue) are stained with Hochest33342. Scale bar, 10 mm. D20, 20 days; mXist, only the mouse Xist was detected in one cell; rXist, only the rat Xist was detected in one cell; mrXist, both mouse Xist and rat Xist were detected in one cell; null, neither mouse Xist nor rat Xist was detected in one cell.
(E) RNA-FISH analysis of mouse Xist (pink) and rat Xist (cyan) expression in EF isolated from RM1-1 and MR1-1 AdESC-derived mouse E13.5 embryos. Nuclei (blue) are stained with Hochest33342. Scale bar, 10 mm. mXist, only the mouse Xist was detected in one cell; rXist, only the rat Xist was detected in one cell; mrXist, both mouse Xist and rat Xist were detected in one cell; null, neither mouse Xist nor rat Xist was detected in one cell.
(F) Single-cell qPCR analysis shows the expression dynamics of mouse and rat Xist and Tsix genes in differentiated cell from RMX G AdESC-derived E5.5, E8.5, and E11.5 mouse chimeric embryos. Orange, expression from mouse allele; blue, expression from rat allele.
(legend continued on next page) indicated that the pluripotency regulatory network of AdESCs is more similar to mESCs rather than rESCs under the N2B27 plus 2i culture condition. Thus, studying genes with mouse-like expression in AdESCs may help us to reveal the different regulatory mechanisms of mESCs and rESCs in pluripotency maintenance.
We reasoned that genes with mouse-like expression in AdESCs also should have differential expression between mESCs and rESCs. Of the 2,730 DEGs between mESCs and rESCs, 534 DEGs had low-parent or high-parent as mouse expression in the AdESCs. Among them, six genes (Bmp4, Tbx3, Wnt3a, Prkar1a, Lef1, and Lefty1) were identified with functions related to pluripotency or developmental regulation according to GO annotation, and all of these genes had much lower expression levels in mESCs and AdESCs than in rESCs (Figure 6C) . Such mouse-like low expressions of Bmp4, Wnt3a, (G) Strand-specific RNA-FISH detection of mouse Tsix RNA (pink) and rat Tsix RNA (cyan) in AdESC lines RM1-1 and MR1-1, rESCs, and mESCs. Nuclei (blue) are stained with Hochest33342. Scale bar, 10 mm. mTsix, only the mouse Tsix was detected in one cell; rTsix, only the rat Tsix was detected in one cell; mrTsix, both mouse Tsix and rat Tsix were detected in one cell; null, neither mouse Tsix nor rat Tsix was detected in one cell. See also Figures S4-S6 and Table S2 . Of the previously reported XCI-escaping genes identified in our data, genes identified in two or more sequencing experiments are shown. The previously reported XCI-escaping genes identified in our data (17 genes).
and Lef1 in AdESCs were further verified by qPCR ( Figure 5D ). It is worth noting that Lef1 is a downstream gene of Wnt/b-catenin and previously was identified to play key roles in spontaneous differentiation of rESCs (Chen et al., 2013; Meek et al., 2013) . As we have shown that some differentiation marker genes, such as Cdx2, Axin2, T, Gata4, Gata6, and Foxa2, all had higher expression in rESCs than in mESCs ( Figures 6B, S7B , and S7C), it is possible that the elevated expression of Wnt3a and Bmp4 in rESCs may contribute to the high expression of these differenti- (E and F) qPCR analysis of expression levels of Oct4, Cdx2, Axin2, and T in rESCs treated with 500 ng/ml Noggin (E) or 10 nM Wnt-C59 (F) for 0.5, 1, 2, 6, 12, 24, and 48 hr. Data are represented as mean ± SEM. **p < 0.01. See also Figure S7. yet the AdESCs can stably maintain the allodiploid genome during extensive culture. Also, they have broad differentiation potentials both in vitro and in vivo and thus can further produce many types of allodiploid somatic cells, including early-stage germ cells. In most eutherian mammals, massive female germ cell attrition happens at the post-natal stage to establish a fixed follicle reserve. During this process, abnormal female germ cells are eliminated. We hypothesized that the AdESCderived germ cells could not complete proper synapsis due to the uneven numbers of chromosomes between the mice and rats and therefore were eliminated during the germ cell attrition after birth.
XCI is a critical event happening in mammalian female embryonic cells to ensure that females, like males, only have one functional copy of X chromosome in each cell, as excessive expression of X chromosome genes could cause many abnormalities and diseases. As AdESCs have X chromosomes from different species, it is much easier to trace the expression source of X chromosome genes in AdESCs than in regular diploid cells. The mammalian interspecific hybrid cells have been widely applied in XCI-related studies, which include the counting of the X autosome ratio, the selection of which X chromosome for inactivation, the mechanistic studies of inactivation initiation, and the identification of genes that escaped from inactivation (Augui et al., 2011; Gendrel and Heard, 2014) . Compared with the previously generated mammalian hybrid cells, the genomestable allodiploid somatic cells represent a better model for XCI studies. Furthermore, the mouse-rat allodiploid cells showed unexpected and consistent mouse-specific XCI pattern rather than random or skewed XCI, and no rat XCI was observed during AdESC differentiation. The mouse-specific XCI could be attributed to the dominant expression of rat Tsix allele in AdESCs as well as their differentiated cells, and it is likely to be a primary effect for XCI according to expression patterns of the X-linked genes among AdESC-derived somatic cells at E5.5. It is unexpected that the species-biased expression of Tsix was retained in AdESCs, which renders AdESCs a good model for studying the regulatory mechanisms of Tsix expression in different species.
Moreover, the consistent mouse X inactivation and the abundant presence of SNPs between X chromosomes in the mouserat AdESCs allows the efficient identification of Xi-escaping genes. Until now, only 31 mouse Xi-escaping genes have being characterized in previous reports (Peeters et al., 2014) . Using the unique AdESCs, we have been able to identify more than 100 new mouse Xi-escaping genes in this study, and we selectively verified them as real Xi-escaping genes using hybrid mice carrying SNPs within the Xi-escaping genes. Hence, the AdESCs and their differentiated cells can provide an easy and robust tool to identify Xi-escaping genes. The expanded escaping gene list also may shed new light on the regulatory mechanisms and functional studies of Xi-escaping genes.
AdESCs are also powerful tools for the identification of genes with different functions between distally related species. Direct comparison of gene expression levels between diploid cells of two species is impractical; thus, cross-species expression comparison only could be achieved indirectly by using some assumptions or common reference genes, which may not reflect the real difference between species. In addition, such indirect comparison usually identifies a large amount of DEGs, making it difficult to identify the master genes. However, such problems could be conquered easily in AdESCs. For example, the phenotypic differences between species, such as the difference in pluripotency maintenance of mouse, rat, and primate ESCs, could be at least partially attributed to the species-intrinsic differences in sequences or expression levels of related genes. We have demonstrated that, using AdESCs, we could quickly identify genes related to the pluripotency difference of mouse and rat ESCs from a pool of as small as seven genes. Although the approach we used could only identify genes with parental preference expression in the AdESCs and may miss some other candidates, it is good enough to provide a starting point for researchers to perform a more thorough search by combining the identified candidate genes with known gene regulatory pathways and networks.
The interspecific hybrids combine the genomes of different species in the same cellular environment, containing the same trans-regulatory factors, and thus could serve as a convenient system to identify functional differences of gene expression regulatory elements between species. Given the presence of the same trans-regulatory factors, the expression difference of allelic genes from two species in AdESCs could be caused by the difference in cis-or distal regulatory sequence motifs on homologous chromosomes. It is also possible to reveal chromatin structure difference and its causal factors between species using AdESCs. Previous studies have shown that the interspecific hybrid yeast, Drosophila, as well as mammalian somatic cells are important models to study the evolution of gene regulatory systems Cheng et al., 2014; Stergachis et al., 2014; Wilson et al., 2008) ; the generation of genetic stable diploid AdESCs in our work could greatly promote such studies.
In summary, here we have successfully produced mammalian diploid hybrid ESCs of phylogenetically distal species, and we have demonstrated the advantages of diploid hybrid ESCs in studying XCI and genes with functional differences between species. Given that haploid ESCs have been generated in rodents and monkeys, we expect that application of such haploid ESC techniques to other species could facilitate the identification of more genes or regulatory elements controlling species differences, as well as mechanisms underlying the choice of X chromosome for inactivation and Xi escaping.
EXPERIMENTAL PROCEDURES
Generation of AdESCs
Mouse and rat haploid or diploid ESCs were generated and cultured as in our previous reports (Li et al., 2012 . To generate AdESCs, equal numbers of MphESCs (or MahESCs) and RahESCs (or RphESCs) were mixed and fused by the PEG-mediated cell fusion method, according to a previous report (Cowan et al., 2005) . The fused cells were further cultured in N2B27 plus 2i (PD0325901 and CHIR99021) medium with the addition of leukemia inhibitory factor (LIF). Around 5 days later, cells with a diploid DNA content as well as the GFP and RFP double-positive fluorescence were sorted out, plated as single cells, and cultured into large cell colonies. The single-cell-derived cell colonies were expanded into independent interspecific hybrid cell lines. All the studies with mice and rats were performed in accordance with the Guidelines of Institute of Zoology, Chinese Academy of Sciences for the Use of Animals in Research.
Karyotype Analysis
Karyotype analysis was performed as previously reported (Li et al., 2012 . The chromosomes were numbered according to a published G-banded karyotype ideogram (http://www.pathology.washington.edu/search/).
Single-Cell Genome Resequencing and Data Analysis
Single-cell genome resequencing was carried out using Multiple Annealing and Looping-Based Amplification Cycles (MALBAC). The sequencing reads were aligned to the University of California, Santa Cruz (UCSC) mouse reference genome (mm10) and rat reference genome (rn5) by bwa software (Li and Durbin, 2010) . After removal of duplicated reads, read depth for each 2-Mb bin was calculated and further normalized. See the Supplemental Experimental Procedures for additional details.
Verification of Xi-Escaping Genes in Outbred Mouse
Outbred mouse strains were generated by the mating of different inbred mice carrying SNPs within the candidate Xi-escaping gene sequences. Single cells from different tissues of the outbred mice carrying SNPs were harvested by FACS. The allelic expressions of the five genes in single cells were quantified by the pyrosequencing of the cDNA fragment containing SNPs. The standard for Xi escaping was set as that the expression level of one allele was more than 10% of the expression level of the other allele. See the Supplemental Experimental Procedures for additional details.
Gene Functional Enrichment and Network Analysis
Gene functional enrichment was carried out using the DAVID tool (Huang da et al., 2009) , and the gene regulatory network was constructed and curated by the Pathway Studio software.
